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Abstract

This report summarizes aeroservoelastic tailoring studies in which adaptive material

actuators are used to control structural deflection of aeroelastic systems. The actuator

must furnish enough control of a system to make the control of the phenomenon feasible.

Specific research problems considered arm: choice of the actuator material for effective

control; geometric arrangement of actuators for active control; and optimum coverage of

surface panels for effective control; a controller design process to improve efficiency of

the selection process. A finite element method is developed to model actuator and sensor

output for plate-like actuators and its use is illustrated for wing-like configurations to

demonstrate the benefits of orthotropic material actuators. The problem of optimum

actuators to supply deflection of panels for wing surfaces is examined to determine

optimality criteria for such panels and to use strain energy as a guide for efficient use of

actuator/host plate combinations. Finally, a method of controller design is suggested to

determine the limits of actuator control effectiveness for a typical section whose response

to random atmospheric turbulence is to be minimized.
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LIST OF SYMBOLS

b = airfoil semi-chord dimension, b = c/2

c = airfoil chord dimension

e = offset distance between airfoil aerodynamic center and shear center, positive aft.

= -e/b

g = actuator material active stiffness, as a fraction of airfoil torsional stiffness Kr

h = airfoil plunge displacement, measured at the shear center

h= h/b

k = actuator material active stiffness, as a fraction of airfoil bending stiffness, K#,

L = characteristic length of gust disturbance

M = mass of airfoil

U = airspeed

af = Ulw.b

tos = vertical component of gust velocity, feet per second.

a = airfoil angle of attack

0 = aileron rotation angle with respect to parent airfoil

p = air density

1A = nondimensional mass ratio, i = m/rpb2

Wo = uncoupled airfoil torsion frequency

W'% = uncoupled airfoil plunge frequency

CL. = lift-curve slope for airfoil

CLO = lift-curve slope for aileron

CM0 = pitching moment coefficient at airfoil aerodynamic center due to 8

( ) I-= transpose of vector or matrix

E{x(t)) = mean or expected value of a stationary random process {z(t); -oo < t < oo)

E{z 2 (t)} = variance of a zero mean stationary random process {z(t); -oo < t < oo}

E.x{z(t)} = limt-n. E{z(t)) steady-state mean of an asymptotically stationary random

process {z(t); t_> 0}
E0 f{z 2(t)} = ini...0 E{z 2(t)} steady-state variance of a zero mean asymptotically stationary

random process {x(t); t >_ 0)
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Section 1.0 - Introduction

1.1 Purpose and Scope

This report summarizes studies conducted between 1 October 1991 and 30 September

1993. The purpose of this research was to develop fundamental understanding of the

features of successful integrated aeroservoelastic design when active materials are used as

actuators to control the deformation of lifting surfaces. Key features of this study focus

on the development of appropriate models and identification of effective analytical

techniques.
The first problem studied is the process of actuator material selection and

development new a finite element model and optimization studies to determine the

conditions for optimality of actuator host plate configurations. This latter effort led to a

strain energy approach for actuator design. Secondly, the research examined the

conditions for the effective integration of control estimation theory into the aeroelastic

process when active materials were used. This effort produced results summarized in

Section 3.0.

1.2 Summary of Research Efforts - Publicationm and Education

As the result of this research funding, one Master's Degree student, Ms. Tamara

Leeks, was funded for her early research work, as a student of the Principal Investigator,

Professor Weisshaar. She later received a National Science Foundation Fellowship to

continue her studies into the Ph.D. program. Ms. Leeks received her M.S. degree in

December 1993 and is now a Ph.D. student at Purdue, continuing her research on

piezoelectric actuators. Ms. Lzeks and Professor Weisshaar will present a paper at an

AIAA Conference in April 1993 based on results obtained under this AFOSR grant

sponsorship.

Professor Mario Rote, Faculty Associate, also furthered his research efforts in the

design of effective controllers for active aeroelastic control. He is the author of the work

covered in Section 3. He is now a National Science Foundation Presidential Young

Investigator.

This funding also supported Professor Weisshaar's efforts to develop advanced finite

element analysis models by allowing leveraging funding for collaboration with a

Fulbright visiting scholar, Professor M.N. Abdul-Wahed. The results of this

collaboration are contained in the Appendix as a paper presented at a national conference.



1.3 Controlled structure synthesis

Lifting surfaces such as wings and stabilizer surfaces are flexible and subject to

dynamic response phenomena including flutter, divergence, gust response and buffeting.

Because of this, hydraulically driven aerodynamic control surfaces such as ailerons, are

used to generate aerodynamic loads. These controlled loads respond to the sensed motion

of the parent surface to cancel out objectionable response such as high stresses or

structural instabilities.

Lifting surface response in flight is complicated by complex interactions between the

flow field around the wing and the response of the wing itself. This interaction is called

aeroelasticity. The use of servo controllers to control aeroelastic response is called

aeroservoelasticity. Two types of aeroservoelasticity problems were addressed in this

study. The first problem is the efficiency of piezoelectric actuators to create and shape

the lifting surface loads and structural response. These actuators are imbedded into the

structural surface so that they generate load and carry stresses. The second problem

development is the modeling of the host structure and its actuators so that effective

designs can be evaluated.
The goal of adding an active control system to a structure is to improve performance

of the original system by the addition of sensors, control processors and actuators. An
even more important goal is to achieve performance that cannot be done in any other
practical way. For instance, there may be no uncontrolled structure with the requirements
placed on it that fulfills the design goals. A central issue in the design of a controlled

structure is the selection and placement of actuators and sensors on and within the system
to be controlled.

A well-designed controlled structure is tolerant of imperfections in the system. This
feature is called robustness. The controlled system should also have good performance in
rejecting system disturbances (gusts for instance). This means that it should attenuate the
effects of these disturbances. In the controls community this attenuation is called
regulation.

When designing a control system, care must be taken to use a technique that monitors
the signals sent by the controller computer to the actuator so that they are not too large so
that the actuator limits are exceeded. In the case of an aileron controller, this means that

the angle of aileron rotation should not be too large. In the case of a piezoelectric device,

it means that the electric field applied to the active material should not be too large.

One major problem with control law evaluation and relating control law requirements

to actuator choices is that structural control research has been restricted to a control law
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that receives signals from the sensors and changes them into signals to the actuators that

are in a specific form. Restricting the form of a control law or confining the study to only

one type of solution algorithm is undesirable for two reasons. First of all, when the

designer is done, he has not answered the central question that the structural engineer is
interested in. This question is :" Have I designed the best possible combination of

structure and actuator (including size and location on the structure) so that the result does

the job efficiently?" Secondly, when the process is complete it is not certain that the

controlled structure represents the best combination of host structure and sensor actuator

design.

The method examined in this study was not restricted to a single method of control

law design. In fact it will reveal only what the best configuration is, but not the necessary

control law. Said differently, this new method will tell us what the limits of performance

are, but not how to formulate the control law to get there. This is a key feature of this

method. This type of information is more valuable to the structural engineer who is not

concerned with the control law algorithm or its development.

1.4 Issues with integrated active material sensor/actuators for aeroservoelasticity

Adaptive structures use actuators to create changes in structural design shape or

damping to respond to changing mission needs and performance requirements. Actuators

may be articulated mechanical devices such as ailerons and flaps or they may be "smart"

materials embedded in the structure. In the case of atmospheric flight vehicles, active

material actuators embedded in the structure can control structural shape and

aerodynamic loads.

Using sensors and feedback control algorithms, these actuators also can change wing

stiffness and control the stability of an entire lifting surface to maneuver and trim an

aircraft, reduce gust loads or enhance the stability of the structure. In some cases, this

can be done with less weight and at reduced overall cost compared to conventional

structures. At present, these concepts rely on aeroelasticity, that is, the mutual interaction

between aerodynamic loads and structural deflections, to create favorable active load

control.

The design of controlled structures involves trade-offs such as structural stiffnesses,

actuator choices and the location of actuators. In aeroservoelastic design, this selection

process determines the trade-offs between conventional control surfaces and active

materials. Which is more effective in achieving the design goals, the active material or

the aerodynamic surface?
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Aerodynamic loads, and the local pressures that create these loads, depend on the
surface shape on which they act. Surface panels may be flat or curved and are designed

to provide aerodynamic shape and to guarantee structural integrity. Re-shaping smooth
aero/structural surfaces to change the pressure distibution is done by bonding or

otherwise attaching thin actuators to the inside surfaces of structural panels to create an

asymmetric configuration that will bend on command.

Thin plate-like or lattice reinforced panels with emhedded self-straining actuators

such as shape memory materials or piezoelectric materials have been proposed for

aerodynamic control concepts that include actively controlled panels to reduce transonic

drag and active panel elements to increase supersonic panel flutter speed. For transonic

drag reduction, the deformation of a pane', on the upper surface of a supercritical airfoil

can change the flow field and shock wave intensity to reduce drag on command.

Panel flutter suppression %-th piezoelectric actuators and shape memory alloy

actuators is unique in that no articulated device exists to do the same task. In supersonic

flow, dynamic oscillations can be reduced by placing thin actuators on the panel surfaces
to change the frequencies of the panels on command.

One problem with active panel concepts is the difficulty finding a design combination
to give large enough panel out-of-plane deformations to create the required changes in

aerodynamic forces. Without deflections of the order of a panel thickness (or even more),
controlling the size and position of the aerodynamic forces is marginal.

A desirable actuator, such as one using today's piezoelectric imiaterials, can not create

significant bending deformation of panels unless the host panel/actuator combination is

tailored to extract every bit of electro-mechanical efficiency out of the configuration. An

emphasis on efficiency naturally leads to considerations of formal optimization that
includes a design objective and design variables. However, before formal optimization

can proceed, we must select our design variables and determine the sensitivity of the

design objective to these design variables.

Section 2 of this report reviews pre-optimization studies to explore the interaction

between actuator self-straining ability and bending stiffness, thickness and planform

coverage and the host panel bending stiffness and aspect ratio. The purpose of the

actuator is to produce large bending deflection. The intent of the study is to identify

effective panel/actuator combinations and understand why some combinations are more

effective than others.

4



Section 2.0 - Actuator optimization and analysis studies

2.1 Purpose and scope - aeroelastic load control

This section reviews the purpose and results of to st:nies related to actuator/host

structural matching and optimization for performance of the actuator. Control of

aerodynamic loads and structural response of wings and other lifting surfaces is not a new

concept. Proposals to control wing response, in particular gust response are over thirty

years old. Ride quality enhancement was used on the B-70 Valkerie Supersonic Bomber.

The same concept is used today on the B-I bomber. to allow it to conduct low level, high

speed penetration missions. The Lockheed L-1011 uses active inboard flaps to reduce the

severity of turbulence on wing fatigue life and on the ride quality felt by passengers.

Suppression of wing flutter, a dynamic structural instability created by unfavorable

interaction between unsteady aerodynamic loads and structural vibrations, was

demonstrated in the mid-1970's. This flutter suppression was possible by using feedback

control to drive aerodynamic surfaces such as ailerons and leading edge slats to damp out

motion.

A piezoelectric waterial is a material which, when subjected to mechanical load,

develops an electric charge proportional to the resulting mechanical stress. Conversely,

this material will deform or strain when an electric field is applied. This deformation, in

particular positive or negative strain, depends on the polarity of the applied field. The

electric field is generated by imposing a voltage across the material so that the field is

proportional to the applied voltage divided by the distance between the electrodes.

Active materials, in particular piezoelectric material actuators, have been proposed as

controllers to accomplish much the same mission as aerodynamic surfaces. How

successful and in what areas these material actuators will be able to replace or augment

aerodynamic controllers such as ailerons is still very much in doubt. There are

advantages to creating so-called "solid state wings" that have no external hinges or

mechanical devices. For military applications there is the advantage o," stealth. Any gaps

or openings that appear in the wing tends to increase size of the radar return from an

aircraft. Another advantage is that the control is distributed over the entire wing, making

control of some aeroelastic phenomena more precise. Lastly, there are some aeroelastic

phenomena, such as panel flutter, for which no mechanical device is feasible.
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2.2 Summary of finite element development and studies

The use of actuators to control aeroelastic deformation also depends on their ability to

decouple two characteristic types of deformation, bending and twist. This modal

decoupling is very important to aeroelastic load control because both types of

deformation create aerodynamic loads, but we may not always want these loads to occur

simultaneously.

The study of aeroelastic decoupling requires an accurate analytical model, one that

can model arrays of anisotropic actuators oriented at angles skewed with respect to

conventional structural axes. It also requires realistic modeling of an air'raft wing

structure. This model may be a plate-like configuration or the closed box-beam

arrangement common to all efficient aeronautical structures.

Because of the interest in effective actuator combinations and realistic structures, a

finite element method was developed to model potential structune/actuator configurations.

The finite element model consists of three-dimensional isoparametric solid elements

(bricks) that allow modeling of tailored piezoelectrics with skewed actuator/sensor axes.

This scheme also allows the representation of an anisotropic host structure and can

account for material and stacking geometry through the element thickness. Using this

finite element representation, it is shown that anisotropic piezoelectric actuators can

create sufficient twisting and bending to control aerodynamic loads on a wing.

To illustrate the application of the finite element model developed in the course of

this research, this method was used to examine four different actuator/host plate

combinations to illustrate orthotropic actuator control and structural response. In one

case the deflection of a bimorph plate constructed of two PVDF layers so that the top

layer acts as a distributed actuator while the bottom layer acts as a sensor was examined.

In another case, a rectangular aluminum plate was sandwiched between two piezoceramic

layers and its deflection analyzed to see if bending and torsional deflection could be

separated. A similar case considered the same aluminum plate, but with two layers of

tailored piezopolymers to assess the effects of piezoelectric anisotropy. Finally, a steel

plate was sandwiched between two P"V DF elements with off-axis, mirror symmetry to test

the ability of a thick layer piezoelectric actuator to deform the plate.

The result of these studies was a paper presented at the North American Conference

on Smart Materials and Structures, held in Albuquerque, N.M. in February 1993. This

paper is included in the appendix to this reporL This paper concluded that:

Electromechanical anisotropy is an effective and highly desirable, if not essential, to

acroelastic control. Efforts should be directed towards developing more effective

6



anisotropic materials with larger (and unequal) strain or stress constants (d31 or e32)

and a larger modulus of elasticity.

The finite element method can provide an accurate solution for thin and thin-walled
structures microactuated by thin piezoelectric elements. This method can readily
account for the presence of webs and stiffeners, either active or passive, to study new
configurations.

Future work will concentrate on using this finite element model to assess aeroelastic
effects on thin plates in supersonic flow and built-up wings in transonic flow. Such
configurations can be used to suppress flutter, control shock wave formation and to
reduce drag. In addition, this finite element formulation can be used for optimization
studies to determine effective actuator geometry and locations and to help to understand
issues related to integrating these actuators with host structures.

2.3 Panel actuator combinations for maximum deflection - optimality criteria

Another study conducted with this funding examined the features of a self-
straining actuator mounted on one side of a flat panel to cause the largest deflection. A
Rayleigh-Ritz model was developed to compute inplane and bending deflections of a
plate with an actuator covering only part of the area.

It was shown that it is important to include the coupling terms and the in-plane
actuator forces to accurately model the problem. A Rayleigh-Ritz trigonometric series
model was developed to analyze the problem and to solve for deflections and stresses.
This model allows the actuator to be placed at any location on the panel. It was found
that the method gave us excellent results, very close to NASTRAN finite element
analysis.

For aluminum panels with aspect ratios between 1.0 and 1.5, the best actuator has a
thickness ratio of 0.6 and covers 65% of the panel area. For a panel with an aspect ratio
of 3.0, the best actuator has a thickness ratio of 0.6 and covers 70% of the area. For the
panels with aspect ratios of 1.0 and 1.5, the actuator with the same aspect ratio as the
panel produced the largest deflection. For the panel of aspect ratio 3.0, an actuator with
an aspect ratio slightly smaller than that of the panel produced the most deflection.

For a plate with cylindrical bendipg, when the strain energy is plotted against
thickness ratio, an inflection point occurs at the point where the actuator thickness creates
the most center panel bending deflection. When the panel is simply supported all around,
the plot of strain energy vs. actuator thickness ratio becomes nearly linear at the point

7



corresponding to the most effective actuator thickness. This indicated that increasing the

thickness of the actuator was beneficial until the slope of the strain energy curve reached

its smallest value. Adding more thickness to the actuator beyond this point increases

stiffness more than it increased the applied moments, and does not increase the deflection
that is obtained in the panel.

More precise results for the actuator characteristics could be calculated if an

optimization scheme were used in conjunction with the model already developed. Since

only a finite number of combinations were tried in this study, the best actuator was found

within the limits of the study. Also, the optimal actuator could be found by taking into

consideration the weight that is added for a larger actuator. A larger, thicker actuator

does not always produce significantly more deflection than a smaller, lighter actuator.

This study was also limited to rectangular actuators placed at any location on the

panel. Actuators of shapes other than rectangular should also be considered. Rectangular

actuators produce high su'esses at the edges and corners. The corner stresses might be

avoided if the actuator shape were changed. The deflection produced by elliptical

actuators or other actuator shapes should be examined.

2.4 Summary

The analysis necessary to confidently produce optimized actuators for aerodynamic

and aeroelastic control has been improved because to the results of the studies just

reviewed. Technical papers that detail this research are contained in the Appendix to this

report. This research area will also be expanded to be the topic of Ms. Leeks Ph.D.

research.

3.0 - Active control of a typical section

This following section summarizes the analysis and methodology developed to use to

evaluate the effectiveness of aeroelastic adaptive material actuators. The example chosen

is the typical section. The so-called typical section, as originally developed, represented

an airfoil section on an unswept wing whose dynamic behavior was typical of the

response of the entire wing. This wing section is shown in Figure 2 on the next page.

8



The essential structural features of this wing model are its two uncoupled natural frequen-

cies. one a torsion reference frequency, w. - the other a bending or plunge reference frequency,

,,;. These frequencies are due to elastic restraint provided by the idealized springs depicted

in Figure 2. An airstream impinges on the airfoil and generates lift by vortex action. The

amount of lift is proportional to the incidence or angle of attack of the surface. This lift is

regarded as being generated instantaneously, with no delays or lags between the aerodynamic

forces and the displacements.

U 
tt #

Figure 2: Two-dimensional aeroservoelastic model [2].

The airfoil mass, its moment of inertia and its position relative to the so-called shear

center of the section determine the values of the actual airfoil natural frequencies, which

are close to w. and wi, when the airstream is not present. These frequencies result from

dynamic coupling between the two uncoupled section frequencies. The aerodynamic force

and moment are referenced to a point of action called the aerodynamic center, located at

the 1/4 chord aft of the leading edge, as shown in Figure 2.

Active control of this section is furnished by some combination of three independent

actuators. The first of these controls is the conventional aileron indicated in Figure 2. This

aileron has limited effectiveness because it will cause the airfoil to stall and lose lift if it

rotates too far with respect to the airfoil. This rotation is represented as $ in Figure 2 and

its limit is 0..

The second type of control comes from an adaptive piezoelectric material that applies

an internal force to the airfoil at the shear center and also creates an active torsional mo-

ment proportional to torsional displacement. This control is furnished by adaptive material

9



actuators imbedded in the cover skins and the spars of the wing.

The equations of motion for the airfoil section are written in nondimensional form as

follows:

h~t k=
M +(t) (K, +C2K2) g~t)t(t) ++ 2FjO(), (1)

M { h0t))F (t)F'

where

M =K, K K3 =~ 0

and F.= K1 , Fo=---
Air i JA UE + 2-•.

Equation I includes the aileron controller, the inertia matrix M and the stiffness matrix

KI, as discussed previously. It also includes the matrix K 2 that accounts for aerodynamic

forces that are functions of airspeed U the displacements, h(t) and a(t). The plunge dis-

placement is divided by the semi-chord dimension b = c/2 to obtain the nondimensional

signal h(t) = h(t)/b. Equation 1 contains aerodynamic section coefficients appropriate to

the wing.

Flow unsteadiness, an essential feature of models for future study, can be added by

modifying the K2 matrix to include additional degrees of freedom or lag states. However,

inclusion of such terms now will unnecessarily complicate the problem.

The presence of adaptive materials is found in the terms k and g in Eqn. 1. These terms

are found on the right hand side of that equation. The signal k(t) models the ability of active

materials to control the bending stiffness of the section. This signal is bounded and may

not exceed the value k. because of material limitations. Similarly, the signal g(t) models the

ability of the active materials to control the torsional stiffness of the wing. This signal can

be either independent of k(t) or related to k(t). Here, we assume that g(t) does not depend

on k(t) and that g(t) is also bounded and cannot exceed the value g,. Both k. and g. are

functions of actuator placement, material properties and geometry.

The equation of motion also contains the influence of a random gust field. This influence

is represented by the term tow, representing the usual Dryden gust field used in aeroelastic

design. The signal w,(t) is the vertical velocity of the gust and is generated by the following
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second order dynamical system:

1 0 r /I 1(t } + [ o 1
() -1/r -2/r •02(t) + V ]7 (2)

w,(t) = 0 1(t) + V352(t),

where n(t) denotes a stationary white noise signal that excites the gust model, while 0 1(t)

and w•2(t) denote the gust states. We assume that n(t) has zero mean and unit r.m.s. value.

That is, for all times t, we have E(n(t)) = 0 and E{n 2(t)} = 1. Here, E{.) denotes the

expectation operator. The time constant r determines the dynamics of the gust model and

is given by r = L/U, where L is the scale length and U the airspeed. The model in Eqn.

2 is scaled so that the steady-state r.m.s. value of w,(t) is constant and independent of L.

This means that E.({wz3(t)) = Ein'(t)) = 1, where E.f{we(t)) - lime, E{we2(t)) is the

steady-state variance of wt,(t).

The three control parameters k, g and 8 are variables representing the actuator signals

available for controlling the structure. The control input is given by the vectorIk(t)
UMt) -- (t) (3)

The controls respond to measured performance of the airfoil. Let y denote a vector

of measurements, corresponding to all positions and velocities available for feedback. This

vector is:

y(t) W + Vt)) (4)

h(t)

where v(t) represents the measurement noise vector. We assume that the measurement noise

vector is stationary white noise with zero mean and covariance E{v(t)v(t)'} = VI, where I

denotes the identity matrix. The scalar V is the noise intensity. It is also assumed that the

measurement noise and the gust excitation are not correlated. It should be noted that this

information pattern is not state-feedback in the usual sense because the gust states are not

directly available to the controller.

The airfoil dynamics and the gust model are described by a simple block diagram shown

in Figure 3. In this diagram the plant • is the combination of the structure to be controlled

I1
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Figure 3: Block diapam of wing section model.

and the gust model, while C denotes an output feedback controller. The controlled signals are

composed of performance variables and scaled actuator variables. The performance variables

are the plunge and the pitch displacements, and they are defined as:

z,h(t) a h ,() a(t)

The weighting factors h., a., are either the nominal values or the maximum values of the

corresponding variable. The purpose of these weighting factors is to scale the variables of

interest so that they can be compared sensibly. The scaled actuator variables are

Zz.(t) = , 4 2(t) = I(- 43(t) (6)

where the scales, or weighting factors, k., g. and •. are the maximum values or the nominal

values of the corresponding actuator variable.

Active control of this model has two objectives, gust alleviation and increasing the flutter

speed. For the gust alleviation problem we want to keep the performance signals z,1(t) and

zp2(t) (h(t) and a(t)) "small" despite the presence of the exogenous input w(t) (i.e. the white

noise n(t) driving the gust model and the measurement noise v(t)) while also keeping the

scaled actuator variables z.1 (t), z. 2(t), and z.3 (t) (k(t), g(t) and 0(t)) within reasonable

bounds. We also want to use the active control to increase the flutter speed by at least 10%.

To quantify the above design goals, we need to define mathematically what we mean

by a "small" signal. Let C represent a linear time invariant controller that stabilizes the

airfoil. When the gust defined in Eqn. 2 enters the closed loop system, and given any initial

condition, all the variables in the system approach stationary stochastic processes with zero

mean and r.m.s. values that depend on the closed loop system (i.e. they depend on the airfoil

structure and the controller). Thus, the ability and effectiveness of the closed loop system to
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r-ject the stochastic gust disturbance and the sensor noise may be determined by measuring

the steady state r.m.s. values of the weighted plunge and weighted pitch displacements.

Similarly, the activity of each actuator signal can be measured by the steady state r.m.s.

value of the corresponding weighted signal.

Mathematically, given a plant g and a controller C, the performance of the controlled

structure is represented by the quantities E..{x2(t)}, while the actuator activity is given by

E.f{ z2(t)1. Good disturbance rejection (or good performance) means small r.m.s, values for

z,1(t) and z,2(t). Thus, the worst case performance measure for the displacement variables

is defined by the function:

46w(gC) = max(E..{z•,(t)}, £E.{z, 2(t)}). (7)

The function 0,, takes on the larger of two values of airfoil r.m.s. response, one value

corresponds to plunge response and the other to pitch response.

A large value of 0., is to be regarded as "bad performance" because at least one of the

two displacements has a large r.m.s. value. On the other hand, & low value of 0., is 'good

performance" since both displacements are jointly small as measured by their r.m.s. values.

The worst case actuator activity is defined as:

0..(9,C) = max(E.(z2.•(t)},E.{z!2(t)}.E.{z" (t)}), (8)

The function 0,,. is similar to 0,,.. A small value of 0,,. represents a low cost actuator set
while a large value represents a "high cost" actuator arrangement. It is reasonable to assume

that allowing large values of 0,, will produce small values of p,.

The 0 functions introduced in Eqns. 7 and 8 are called "worst case figures of merit." These

figures of merit are more natural and realistic design parameters than the usual "weighted

sum" objective function given by

l,(gC) = AIE.({2 1(t)) + A2E.{f 2(0), (9)

where A, and A2 are positive scalar used to assign relative importance to the individual

objectives. For example, imagine that the problem is to find a controller C such that both
E. { z2 (t) } and Eco{ z2,(t)} are below a desirable performance level. Clearly, such a feasibil-

ity problem is mathematically equivalent to the problem of minimizing (over all stabilizing

controllers) the worst case figure of merit 0,,,(9,C) and then checking to see if the minimal

worst case performance satisfies the given constraint.
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On the other hand, any attempt to solve the feasibility problem by minimizing the weight.

ed sum performance objective w.,(9,C) first requires the selection of suitable values for the

artificial parameters A, and A2, which have little physical meaning. In addition, the problem

of weight selection becomes more complicated if not impossible when we add more perfor-

mance variables and we include the actuator variables in the definition of the weighted sum

performance objective 0p,(9, C).

Tradeoff surfaces

To assess the advantages or limitations of different structural parameters (different plants

g with different physical features) for the problem of gust alleviation we need to introduce

a quantitative optimality concept for the cost functions -0., and 0.. defined in Eqns. 7 and

8, respectively.

Since smaller values of the figure of merit functions 0.,(9,C) and 0,.(C,C) are better,

a plant-controller pair is a "good" pair if both worst case objectives are jointly small. Now,

suppose that the plant 9 is fixed (the design of the airfoil with its actuators is fixed, but the

control law relating actuators output to sensor input is not). Then, given two numbers -y

and Y2 (representing performance and actuator r.m.s. limits, respectively) we say that the

design specification (71, Y2) is achievable if we can find a stabilizing controller C such that

we have

<C) : -11 and _. (CC) 5 y2. (10)

From this equation it is clear that the set of achievable specifications ('-f, -f2), which will be

denoted by A(Q), is given by the equation

A(9) =I {(-fl, 2) : there exists a stabilizing controller C such that O,•,(Q,C) < -Y,

and 0,.(9,C) _ j5}. (11)

Although cast in terms of control terminology Eqn. 11 is central to the appreciation

of the power of this approach. Note that there exists at least one controller C such that

the controlled structure satisfies a given design specification if and only if this specification

belongs to the set of numbers A(9). Note also that this set is a function of the airfoil/actuator

plant 9 only. (This explains our notation in Eqn. 11.) For instance, if some of the structural

parameters are changed, i.e. the plant 9 is changed, then a design specification that was

originally not achievable could become achievable with some stabilizing controller.
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A(g) defines a design space and the lower boundary of A(g) is called the 'tradeoff sur-

face" or the set of Pareto optimal specifications corresponding to the cost functions ,v, and

~o.. The tradeoff surface is a very important feature in multiobjective optimization because

it determines the boundary between achievable and not achievable design specifications-i.e.

the limits of achievable performance.

An example of the trade-off surface concept to illustrate its use is shown in Figure 4.

This figure plots limiting combinations of -yi and -r2 computed for two slightly different

plant-actuator-sensor combinations. Two curves are shown in Figure 4, because there are

two different plants (controlled structure configurations) to be compared.

0
SUN~

8 Flint Achlevable dnign region

0

0 0. J J 2 2. 3 3J

Worst case actuator cost X1o-

Figure 4: Typical trade-off surface (curves), showing feasible and nonfeasible regions

for two different plants.

For each plant, combinations of worst case performance (,y') and worst case actuator

cost (,y2) lying below each curved line are not possible unless some feature of the system is

changed. This change might be relocation of an actuator, resizing of an actuator, changing

the stiffness of the airfoil or changing the actuator material. Note that these two trade-off

curves intersect. This means that, for one range of performance requirements, one plant

configuration is better than the other.

Trade-off surfaces are also valuable once control laws are proposed. The tradeoff surface
may be used as an absolute measure against which different control laws can be compared.

Thus, the limits of achievable performance are valuable not only to determine which struc-
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tural configuration is easier to control but also they provide the necessary information to

evaluate candidate controller designs with respect to the figures of merit of interest.

The methodology to compute trade-off surfaces (in our case these are 2-dimensional so

they become trade-off curves) for the figures of merit 0, and 0, is taken from [4] and [5].

For an e:--.,;)sition of the area of multiobjective control see [31. See also [6) for some more

recent work in this field. It is important to note that these trade-off surfaces are computed

under the only assumption that the controllers to be used are linear and time-invariant. No

other restriction on the structure of the controllers (i.e. the order of the controllers should

be bounded, the controllers should have a specific architecture such as observer-based, etc.)

are imposed. This means that if a design specification (-fl, y2) lies below a curved line in

Figure 3, there is no stabilizing controller (even infinite-dimensional) that can achieve this

specification.

While the mathematical theory to create trade-off surfaces has been well developed in

the above references, the programming of the numerical procedure requires time and skill. A

preliminary version of the software utilized in this work may be found in [5]. This software

makes use of commercial tools for control systems analysis and design, and finite dimensional

convex optimization algorithms. This preliminary software package has been implemented

in Matlab. The numerical methods used not only provide, to any desired degree of accuracy,

points in the trade-off surface but also controllers whose cost values are as close as desired

to the trade-off surface.

Numerical examples

In this section a tradeoff surface between the performance cost (measured in terms of

worst case r.m.s. airfoil response in pitch or plunge) and the actuator cost (measured in

terms of its r.m.s. value) is computed for three different cases. In each case, the plants

use a different actuator. This simple problem will illustrate the features and value of our

approach. We will conclude that the torsional spring actuator g is the best actuator signal,

if only one actuator can be used, for the gust alleviation problem at an airspeed larger than

the open-loop flutter speed,

The closed-loop design airspeed is set to 10% above the airfoil uncontrolled flutter speed.

The weights for the performance variables z. and the actuator variables z. defined in Eqns.
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differently. For the bending strain actuator k (dashed) we plot 0.,, vs. 0,, =

For the torsion strain control g (solid) we plot .,, vs. 10 0.= 10 E{(z,2 (t)). Finally, for

the trailing edge flap control (dashdot) we plot ,. vs. 0. 1., = 0.1 E".(z(t)}. The torsion

strain actuator g is seen to be the most effective for all possible performance values.

The second example uses a gust scale length L = 10 b but keeps all other parameters

fixed. This results in the Dryden transfer function having bandwidth on the order of the

open loop torsion resonant frequency. For example, r = 0.07726 sec. and w•i- = 3.863. so

that w. is of the same order of the corner frequency of the Dryden transfer function.

Figure 6 shows the tradeoff surface between the worst cae performance index ,, Lad

the worst case actuator index 0,. for the torsion and bending strain controls g and k. As

before, we plot 0, vs. 0. = E {z 2. 1(t)} for the bending strain actuator k (dashed) and

0, vs. 10 Ow, = 10 E.. f{z.22(t)} for the torsion strain control g (solid). Clearly, torsion strain

control is more effective than bending strain control.

SBending strain actuaWr"o i

I2

M

8LN
0 Torulon strain actuator ............

~0-
0.I 1 .5 2 U.I

Worst caem actuetOr cost Rio-

Figure 6: Trade-off surface for active material bending and torsion control.

Gust scale = 10 b.

Finally, in Figure 7, we compare trailing edge flap control (dashdot) with bending strain

control (dashed). This plot does not use scaling so that actual costs are shown. It is again

obvious that the active strain control is better than the trailing edge flap control in these

cases.
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Aileron control actuator

&s, $: Bending stmin actuator

0
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Figure 7: Trade-off surface for active bending control and aileron control.

Future efforts and summary

The work thus far has concentrated on developing a pilot program method to evaiuate

actuator/structure aeroelastic control effectiveness so that the effectiveness of integrated

active m ý- ,igl actuators can be predicted. By any measure, this effort has been a success.

However, if ane method is to have an impact of the controlled structure community, it will

have to be demonstrated for a more elaborate analytical model where additional design

parameters can be exposed.

At the present time a new aeroelutic model is being developed to simulate a closed-

cell box beam structure with embedded piezoelectric elements. This finite element model

contains unsteady aerodynamic las and actuator dynamics. The finite element model will be

more useful in the assessment of actual active material capabilities and actuator placement

and sizing. Additions to the present trade-off surface software and the study of trade-off

surfaces for other figures of merit of practical significance are necessary. Other figures of

merit we plan to consider include the maximum time-domain excursion of the signals of

interest in response to fixed or worst case exogenous inputs.

The results of this work will be used to study active material capabilities, assess directions

for improvement in this area, study sizing and placement are create data that can be used

for design of future test articles.
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Active tailoring of adaptive lifting surfaces for aeroelastic appicatloma

M.N. Abdual-Wahed

Faculty of Mechanical Eugineeriog, Aleppo Umiversity
Aleppo, Syria

T.A. Wekdkaar

School of Aeronautics and Asuvasaoti, Pardue Ualversity
West Lafayette, Indiana 479@7- 1282

ABSTRACT

This paper discusses the development and use of an effiectve finite element analysis puocedinm to enieipat edin
anisotropic piezoelectric actuator for aeroelastic applications where it is essential that torsion and beading be controlled
independlendy of one another. The finite element model consists of diree-dimaisional isoporametric solid elements (bricks)
tha allow modeling of utilored piezoelectrics with skewed aum/senso axes. This scheme also allows the uupreeaubmi
of an anisotropc host stucucre and can acmount for mateial and stocking georneiuy through the elaement hickness. Using this
finite element representation. it is shown that anisocropic piezoelectric actuators can create sufficient twisting aid bending to
control aerodynamic loads on a wing, although aerodynamic loads we not included in this discussion

1.0 BACKGROUND AND PURPOSE

T'he purpose of this paper is to examine the action and effectiveness of adaptive material actuatos whan they am
used to create deflections of wing strctures. By effectiveness, we meaw the ability to came twist aid bedigdolectionm
that will, in turn, create aerodynamic loads. Here the emphasis will be on structural deflection, not aerodynamtic inteauctions.
so no aerodynamic loads will be included.

Adaptive structures use actuators to crews changes in structural design shape or damping to respond to chooging
mission needs and performtance requirements. Actuators may be articulated Mechanical devices such as ailerons andS flaps or
they may be "smawt materials embedded in the structure. In the case of atmospheric flight vehicles, active materal acmnm~
embedded in the structure can control structural shape and aerodynamic loads. Using sensors sand feedback control
algorithms, these actuators also can change wing stiffness and control dhe stability of ui attire lifting tunrfar t0 Maneuver and
mmu an aircraft reduce gust loads or enhance the stability of the smacture. In sonme cases. this can be done with kou weight
and at reduced overall cost compared to conventional structure. At present, these concepts rely on ueroelasticity, that is, the
mutual interaction between aerodynamic loads arnd structural deflections& to creaw favorable active load control.

Aeroelastic control concepts are still in their infancy, but their proposed uses are increasing rapidly with each
passing year. The successful application of active materials and actuator concepts depends on: a) identfifcation of an
aewoelastic phenomenon and, (b) ideavihication of an effective actuator arrangement to control the phenomnenon Both involve
creativity and the accessibility of an effiective analytical procedure. The use of actuamtoro control usoelustic deformation
also depends on their ability to decouple two characteistic types of deformation, bending and twist. This moal decoupling
is very important to wa erloetic load control because both types of deformation create aerodynamic loads, but we May not
always want these loads to occur simultaneously.

The study of aaereelotic decoupling requires an accurate analytical model, one dhat can model arays of sabiolopic
actuators oriented at angles skewed with respect to conventional smauctural axes. It also requires realistic Modeling of an
aircraft wing sawiture. This model may be a plate-like configuration or the closed box-beam arrngemtent commnon to all
efficient aeonautical structures.

Because of the interest in effective actuator combinations and realistic structures, a finite element metho was
developed to model potential strucsureacwator configurations. TIls technique draws heavily upon previous published work
by several researchers, but it extends this work to cover emerging sunactural configurations. This theoretical developrmet
will be reviewed and discussed in this pape.

1993 North Ameuican Conferene on SnUM SmaCUus ud MateiaS
Albuquerque, New Mexico - February 1993
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We first turn our attention to a survey of previous active structures work in the area of aeroelasuc and aerodynamic
control. This review will help the reader to understand the types of problems that are potentially worthwhile to pursue and
the difficulties applying these concepts. Having done this we summarize the finite element development and discuss
illustrative examples.

1.1 Aeroelastic and aerodynamic load control

Control of aerodynamic loads and smructural response of wings and other lifting surfaces is not a new concepL
Proposals to control wing response, in particular gust response are over thirty years old. Ride quality enhancement was used
on the B-70 Valkerie Supersonic Bomber. The same concept is used today on the B-I bomber. to allow it to conduct low
level, high speed penetration missions. The Lockheed L- 1011 uses active inboard flaps to reduce the severity of turbulence
on wing fatigue life and on the ride quality felt by passengers. Suppression of wing flutter, a dynamic structural instability
created by unfavorable interaction between unsteady aerodynamic loads and structural vibrations, was demonstrated in the
mid-1970's. This flutter suppression was possible by using feedback control to drive aerodynamic surfaces such as ailerons
and leading edge slats to damp out motion.

Active materials, in particular piezoelectric material actuators, have been proposed as controllers to accomplish
much the same mission as aerodynamic surfaces. How successful and in what areas these material actuators will be able to
replace or augment aerodynamic controllers such as ailerons is still very much in doubt. There are advantages to creating so-
called "solid state wings" that have no external hinges or mechanical devices. For military applications there is the advantage
of stealth. Any gaps or openings that appear in the wing tends to increase size of the radar return fom an aircraft Another
advantage is that the control is distributed over the entire wing, making control of some aeroelasic phenomena more precise.
Lastly, there am some aeroelastic phenomena, such as panel flutter, for which no mechanical device is feasible.

The first attempt at aerodynamic shape control is due to Crawley, of al. 1 at M.I.T. They examined the effectiveness
of piezoelectric actuators to create twist and camber in plate-like aerodynamic surfaces. The ability of these actuators to
affect aeroelastic loads was analyzed and demonstrated in wind tunnel experiments by Lazarus and Crawley2 . In a related
study, Bohlmann and Lazarus 3 examined the response of piezoelectrically actutted flat plates in an airsucam. For this latter
study, piezoelectric actuation created chordwise plate curvature (which creates an equivalent angle of attack) to generate
aerodynamic forces.

While early studies emphasized the ability of piezoelectric actuators only to create airloads, the essential aeroelastic
feedback process was not well understood. At Purdue University, Ehlers and Weisshau 4 ,5 ,6 formulated a simple aeroelastic
model for a beam-like laminated composite wing with embedded actuators. This model captured the fundamental
interactions between bending and torsional deformations and aerodynamic loads. Using this model, they showed that an
aeroelastic static instability called divergence could be controlled. They also demonstrated the wing lift effectiveness (the
ability to increase or decrease lift) could be changed with a simple feedback control law relating wing root bending and
twisting moments and piezoelectric action. They developed aero-piezo-elastic parameters for measuring the effectiveness of
actiutors in creating aerodynamic loads.

Lazarus, et al. 7 have shown the potential benefits that may occur when aerodynamic control surfaces are replaced
with strain actuation. These results am limited to simple plate configurations. Ehlers4 has also studied ways to increase
aileron effectiveness using a combination of main actuation and ailerons.

Song, et al. 8 considered static amoelastic control using a thin-wailed beam structme to represent a wing structure.
This formulation is important to aeroelastic control analysis because the box-beam is the preferred configuration for wing

structural design, although plate models may capture most of the wing behavior when the wing is thin. Persiani, et al. 9 have
also considered the static aeroelastic behavior of an adaptive structurl box beam with composite materials. Their study used
the concept of strain energy tuning.

Dynamic aeroelasutic phenomena have also received attention. Lazarus, Crawley and Lin1 0 showed that
piezoelectric strain actuation might be a viable alternative to articulated control surfaces for flutter suppression. Panel flutter

suppression has been examined by Scottl 1, Abou.Amer 1 2 , Paige1 3 , Hajela and Glowasky14 and Scott and Weisshaarl 5 .
Panel flutter sippression with piezoelectric actuators and shape memory alloy actuators is unique in that no articulated device
exists to do the same task. Heeg 16 has also demonstrated airfoil flutter control with a piezoelectric actuator device.
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In all previous results, shape control of aerodynamic surfaces was based on the inherent extension/contraction ability
of piezoelecmc (usually piezocensmic) actuator materials. This action was used to create bending distortion of plate-like or
beam-like materials, which, in turn, tend to twist the structure. This twist was made possible only if there was
bending/torsion coupling in the wing structure, such as will occur if laminated composites ae used or if there is geometrical
bend/twist coupling in swept wing planforms. 17 ,18 While some of these previous studies accounted for the possibility of
creating shear to cause torsion, it is generally recognized that the most popular piezoceramics are electromechanically
isotropic so that shear smain generation is not possible.

Obtaining decoupled, direct control of wing twist is highly desired for aeroelastic and aerodynamic load generation.
Innovative, alternative ways to create decoupled twist have been suggested by Lee19 and BarMI. 2 0 .2 1 Barrt's proposed
configuration uses a directional attachment of piezoelectric strips (DAP) to channel the actuation strain into torsion.
Reference 20 is among a rapidly increasing nunber of applications to rotorcraft noise and vibration reduction. Although this
procedure has been demonstrated to be effective in wing tunnel experiments, the complexity of the DAP construction may
reduce its effectiveness for actual applications.

1.2 Objectives - Independent bending/torsion control and finite element modelng

One objective of this paper is to explore alternative ways of obtaining direct actuation control of adaptive stnuctures
to create a desired mode of wing twist and bending. An active tailoring concept based on active orothopicity of some types
of piezopolymeric materials will be inu0duced. Until now, these piezopolymerics have been excluded from aeroelastic
control applications because they are not stiff and because they require high voltages to create the electric fields necessary to
be effective. However, if the applied voltage is not limited, an acceptable value of the piezoelectric effectiveness parameter
defined by Crawley and DeLuis 22 can be obtained.

The unique property of electromechanical anisotropy in special kinds of PVDF piezopolymers is obtained by
stretching during poling.23,24. This property was used for the first time by Lee and Moon 2 5 to design micro actuators and
sensors. However, applications of PVDF to adaptive suructures have been limited to shape control and its use in structural
damping2 6,27 and in pointing devices.2 8 ,29. 3 0 In all of these applications, "ordinary" PVDF with isotropic
electromechanical properties was used.

Decoupled piezoelectric control and the ideas related to such control require an effective analytical model.
Developing such a model is the second objective of this study. Structural models of structures with integrated actuators and
sensors, bonded or embedded in the host structure, have been limited mostly to simple beam models or rectangular plates.
Beam models have permitted closed-form solutions to some important, problems.22 ,3 1

The Rayleigh-Ritz method has also been applied to active structures. 32 This method, when used in conjunction with
plate theory or beam theory can be effective. On the other hand, this procedue requires a careful choice of approximating
functions and is difficult to apply to general cases with arbitrarily shaped actuats and structural planforms.

Finite element models have also been developed to analyze active structures. These efforts have fallen into two
categories: (a) modeling pure piezoelectric structures for transducer/vibration studies3 3 C34 3 ,3 6 37. and (b) modeling host
structures with integrated piezoelectric actuators/sensors, bonded or embedded in their host structures. 38,39,40 For these
latter studies, the finite element method was used only on rectangular plates, not closed thin-wall sections. More importantly,
these studies also were restricted to piezoelectric actuators with isotropic electromechanical properties.

This paper outlines the development of a finite element model developed to analyze plate based srctres (including
box-beams) subjected to mechanical/electrical excitations. The finite element model uses a thin piezoelectric element derived
from Hamilton's Principle. The theory is restricted to linear piezoelectric theory, but takes into account orthotropic
mechanical and electromechanical properties of the actuators.

2.0 FINITE ELEMENT DEVELOPMENT

The purpose of this section is to review the development of the finite element model used to analyze integrated,
active, piezoelectrically activated strucures. This review will include development and restrictions on its use.
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A piezoelectric materi is a material which, when subjected to mechanical load, develops an electrc charge
proportional to the resulting mechanical stress. Conversely, this material will deform or strain when an electrx field is
applied. This deformation, in plaricular positive or negative strain, depends on the polarity of the applied field. The electric
field is generated by imposing a voltage across the material so that the field is proportional to the applied voltage divided by
the distance between the elecurdes.

Figure I (all figures have been placed at the end of this paper) represents the general type of structure to be modeled.
The structure is composed of an arbitrary plate with embedded discrete piezoelectric elements. These actuator elements are
poled, electroded and connected arbitruily. The equations of motion of this continuum can be derived using a generalized
form of Hamnilton's principle. T"e variational expression for this coupled electromechanical sytem can be written as follows:

,, [,(T - U- W,)+ MW,,~ }i 0()

In Eqn. I the following definitions we used: T = kinetic energy; U = potenial(straui) energy;

Welec = electrical energy; 6W. = virnual work of external forces.
While JvM expressions for the structural kinetic energy and strain energy are the standard expressions for a continuum, the
electrical energy and the virtual work from the external forces include piezoelectric constitutive relations and properties.

A piezoelectric element is shown in Figure 2, together with its electrodes and coordinate axis definitions. The
general properties of a piezoelectric material are defined relative to the material poling direction. This poling direction is
taken parallel to the x3 direction. We require a linear relationship between the elastic, electrical and electromechanical
coupling properties of the piezoelectric material. This relationship is given by its piezoelectric-dielectric relations.4 1,42
These relations read as foWlows:

{ C -[(e] CE (2)

Equation 2 relates the electrical displacement (charge) D and the mechanical stress a to the applied electric field, E. and the
mechanical strain S through constants of proportionality representing: dielectric constants e for the materal e, piezoelectric

constants relating voltage to stress; and C., the piezoelectric material stiffness matrix elements. The notation ( )S
P

indicates that the constants are measturd at constant strain (clamped), while ( ) indicates values computed in the local

piezoelectric material coordinate reference frame. The superscript notation ( )E indicates that values are measured at
constant electric field (short circuited).

The relationship in Eqn. 2 can be inverted, either in its entirety or pardally. In particular, the following relationship
is valuable.

[dij [pjj[ (3)

The elements dy are the piezoelectric charge coefficients that relate induced strain to the applied electric field. Equation 3

can be used to calculate the eii constants in terms of the d. constants, since the latter constants are generally more available

than the eii constants.

2.1 Typical piezoelectric inaterials and properties

Table 1 summarizes some important elastic and electromechanical constants for lead zirconate tisanate (PZT) and
polyvinylidene fluoride (PVDF). An examination of the parameter values in this table reveals some important, essential
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features of these materials. First of all, note the signs of the parameters d.j in Table 1. If these coefficients are negative, the
voltage must be applied in the direction opposite to the poling direction to produce positive (extensional) strains. Note also
that the induced strain in PVDF is nearly uniaxial.

Piezoceramics have two orthogonal planes of symmetry., one inpiane and the other out-of-plane so that, while they
are orthoaropic marials, ther is planar isotropy in the plane perpendicular to the poling as. This planar isotropy is evident
in Table I for PZT where d32=d 3 1 and d24=dt5. On the other hand, piezopolymerics such as PVDF have fully isotropic
structural properties, but electrically induced inplane strains that are decidedly orthotropic. Because the orthotropicity is in a
plane perpendicular to the poling axis, it presents a potential for actuator tailoring.

Table 1
Plezoelectric material comstants for PZT and PVDF

Praoits PZT [43] PVDF 1241

El 1=E22 GPa 0.63x10I 1  0.2x1010

E33 GPa 0.49x1011 0.2x10 1 0

G31=G32 GPa 0.22x2101 0.77x 109

G12 GPa 0.233x 10 1  0.77x109

V12 0.35 0.3

d31 m/V -166.xiO01 2  0.23x!0-10

d32 m/V -166.x10-12 0.3x0l-lt

d33 n/V 360.x10-12 -0.33xi0"10

d24 M/V 540.x 10-12 0

dis mn/V 540.xlO"12 0

___=____ F/M 15.x10.i9 I 0.1062x10.9

2.2 Inducing torsion with skewed actuators and actuator material axes

When the principal strain axes of orthotropic piezopolymers are rotated, or skewed, with respect to the host
structure, we can induce shear strains. In plates or beams, this shear creates twisting of the structure. Figure 3 illustrates this
behavior on a simple skewed plate. A PVDF actiator, skewed at an angle ct, creates a shear stress given as:

I= o012 = ±V3 sinacosa(e 3 1 -e 32 ) (4)

This shear sus creames an equivalent shear flow in the plate, given as q12 = a = a1 2 t. Note that, if the d31 and d32
coefficients are equal, then (e31 -e32) is zero and the twisting shear flow will be zero.

Ortotoc actin of actuators is essential for any scrcessful aeroelastic control scheme. The twisting action of the
actuator comes fr-om two uources (a) resultant, effective torque at the free end of the plate created by opposing shear flows on
the upper and lower actuator elements; and, Mb) differential bending applied to the two paallel free edges of the plate. The
differential bending induces warping in the -correct" direction of twisL

2.3 The elemental model

The basic building block finite element model used in this study is a sofid brick element, shown in Figure 4. The
degrees of freedom of this element include translational displacements and electrical displacements at each node. The
electrical displacements correspond to the electrical potential *. There are three mechanical (amslational) degrees of
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freedom and one electrical degree of &eedom per node and there are 8 nodes per element, as indicated in Figure 4. This
element has a trapezoidal planform. with constant thickness.

The shape functions for the mechanical displacement and electrical potential fields are found in References 44 and
45. The displacement field includes degrees of freedom for incompatible modes using a "bubble function" found in
Reference 46. These incompatible displacements and modes were added to avoid element locking under parasitic shear and
to soften the extra thin brick element in the transverse direction. These shape functions were used to generate elemental
mass, stiffness and external load matrices that were then assembled to obtain a structural equilibrium equation for the
disrdzed smmucwire. This equation has the following form:

[o2 1 o]]{10 } W + [E:2 E 1]{t1 i-f* {l,{F J } (5)

where u represents mechanical nodal dislacements ands represents electric displacement related to sensor output from

the piezoelectric elements. The notation i and * rpresent differentiation with respect to time. The Mij elements are
inertia elements, while the Kij elements are stiffness matrix elements. Equation 5 shows that there is electr-mechanical
coupling in the structure. Note that no electrical "inertia" or damping is included in this model.

This finite element procedure was incorporated into a computer code that cn aalyze both flat plates and box-beams
with rectangular cross-sections. This computer code and extensive details on the theory we included in Reference 47. This
code is able to accurately model a variety of wing structural models ranging from plates to beams to thin-wall built up
structures with stiffeners. In the examples to follow, we will demonstrate some of these capabilities, together with some
essential features of anisotropic actuators.

3.0 RESULTS AND DISCUSSION

To illustrate the application of the finite element model descnlbed in the Section 2.0. we have applied this method to
four different cases. These cases illustrate the orthotropic actuator use and response. Case I examines a bimorph plate
constructed of two PVDF layers so that the top layer acts as a distributed actuator while the bottom layer acts as a sensor.
Case 2 is a rectangular aluminum plate sandwiched between two piezoceramic layers. Case 3 considers the same aluminum
plat, but with two layers of laiored piezopolymers. Finally, Case 4 examines a steel plate sandwiched between two PVDF
elements with off-axis, mirror symmetry.

Consider Case I with the 1 mm. thick bimorph cantilever beam constructed of two PVDF layers (with
electroa/mechanical properties given in Table 1), illustrated in Figure 5. The top layer acts as an actuator and the bottom layer
acts as a sensor. As a result, the sensor signal (nodal electrical potential Q) is proportional to the induced mechanical strain
in the bottom layer. This beam is subdivided into 20 identical finite elements. The major strain axis is aligned in the x2

direction for both top and bottom layers so that the skew angle is 900 so that no anisotropic coupling is created.

Figure 6 shows the beom deflection and sensor output due to an electrical excitation of 1000 volts, applied across the
top actuator layer. Because the actuator extends uniformly from the cantilever bean root to its tip. the effect of the actuator
on the beam is the uma un if a concentrated moment were applied at the tip. As a result, uniform bending, with a constant
strain level occurs, as indicated by the newly uniform sensor output shown in Figure 6. Only the beam root region, where
the finite element method correcdy predicts a boundary strain transition region, is the stain not uniform.

Case 2, considers a 1 mm. thick uniform aluminum plate sandwiched between two 0.25 mm. piezoceramic layers,
with asymmetric poling, a shown in Figure 7. Sixty finite elements are used to capture the pie-like behavior when the two
actuator layers are activated by 100 Volts, applied asymmetrically. As a result, one actuator stretches while the other
contracts. As shown in Figure 8, the deflection of the plate is composed primarily of spmnwise bending. However, some
camber bending occurs because of the influence of d32. It is impossible to generate twist with this actuator p arrmged in
this way.

In an attempt to generate twist , the same host plate is activated with offset (skewed) piezoceramic elements, as
shown in Figure 9. The resulting displacement, shown in Figure 10, is that a considerable amount of twist is generated, but
substantial downward bending also accompanies this twist.
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Case 3 uses the same host struzure/actuatm arrangement as shown in Figure 7, with the exception that the actuators
are 0.25 mm. thick PVDF. These onhotropic PVDF layers are arranged with their major axes at 450 on the upper side and
-450 on the lower side to achieve mirror symmetry of the actuator pair. When 10,000 Volts are applied to each actuator layer.
the resulting displacement, shown in Figure 11, is pure twist (except in the boundary region near the root). In addition, the
twisted sections do not have any chordwise deformation in the chordwise (camber) direction.

Case 4 considers a steel plate with PVDF actuators attached, as illustrated in Figure 12. The principal coordinate
axes of the PVDF arnators are arranged at 450 on the top and 450 on the bottom. This configuration corresponds to one
used by Barrett in Reference 21. A voltage of 32,000 volts is then applied. This voltage is large. but it represents the
maximum allowable voltage per unit thickness (40 Volts/tm) that is given by the manufacturer. The resulting torsional
displacement, plotted as afunction of distance from the cantilever support, is shown in Figure 13.

The tip displacement shown in Figure 13 is 5.25 degrees and is comparable to results obtained by Barreu for his
EDAP construction. Despite the very large voltage used here, the simplicity of the PVDF technology may make it a
candidate for twister actuators.

It is important to note the influence of the thickness of the PVDF layer. Increasing the actuator thickness will
increase the induced shear flow and the induced torque, but it will also increase the torsional stiffness of the section. As a
result, there will be an optimal thickness for maximum twist. In the present case, additional calculations showed this optimal
actuator thickness to be about 0.8 mm.

4.0 CONCLUSION

An effective and versatile method of finite element analysis to investigate adaptive structure combinations with
actuators having in-plane electromechanical orthotropicity has been outlined. This analytical procedure was used to
demonstrate the ability of piezoelectic actuators to generate pure, decoupled torsion for aeroelasuic control. Among the
conclusions of this study are:

a) Electromechanical anisotropy is an effective and highly desirable, if not essential, to aeroelastic control.
Efforts should be directed towards developing more effective anisourpic materials with larger (and
unequal) strain or stress constants (d31 or e32) and a larger modulus Of elasticity.

b) The finite element method can provide an accurate solution for thin and thin-walled structures
microactuated by thin piezoelectric elements. This method can readily account for the presence of webs
and stiffeners, either active or passive, to study new configurations.

Future work will concentrate on using this finite element model to assess aeroelastic effects on thin plates in
supersonic flow and built-up wings in transonic flow. Such configurations can be used to suppress flutter, control shock
wave formation and to reduce drag. In addition, this finite element formulation can be used for optimization studies to
determine effective actuator geometry and locations and to help to understand issues relad to integrating these actuators
with host smctures.
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OPTIMIZING [NDUCED STRAIN ACTUATORS

FOR,%MAXIMUM PANEL DEFLECTION

Tarnma I1. ILeek.

Terrence A. WeAsshaar*

Purdue University'
West L.afayette. Indiana

Absn-wtPanel flutter suppression with piezoelectric
actuator and shape memory alloy actuator is unique in

T'his paper examines the electro-machanical interaction that no artculated device exists so do the same task. in
between a thin self-straining piezoelectrc actuator and suipersoniic flow. dynamic oscillation can be reduced
a simply supported host plate when the actuator is by placing thin actuators on the panel surfaces to
placed on one side of the plate and its objective is to change the firequencis of die pawels on comimand.
Creat a large bending deflection. The purpose of dhe
actuator is to create bending deflections to control local One serious problemn with active panel concepts is
aerodynamic pressures and resultant forces such as lift the difficulty finding a design combination to give lare
and drag. These studies show that there as a trade-off enough panel out-of-plane deformations to create the
between the additional stiffening, provided by actuator reuired changes in aerodynamic forces. Without
thickness and the area that it coven on the plate, and the deetions of the order of a -on thickness (or even
amount of forme and moment provided by the actuator. more), controlling the size and position of the
A Rayleigh-Ritz analysis shows that the optimum size, aezdynurnic forces is marginaL
thickness and coverage, of the actuator with respect to
the host panel is detemnined by panel aspect raino, and A desirable actuator, such as one using today's
relative elastic moduli. The strain energy content of the piezoelecmrc materials, can not create significant
actuator/plate combination shows that the beet -ending deformation of panels unless the host
combinations of actuator thickness and panel coverage puelactuato combinaion is ailored to extrut every
can be identified by plotting strain energy against but of electro-mechanical efficiency out of the
actuator thickness or area. With an aluminum host plate conflgumtioii. An emphasis on efficiency natuirally
and a PZT actuator, die best rectangular actuator smieas leads to considerations of formal optimizaton that
about 0.6 the thickness of the plate and covers about includes a design objective and design variables.
65% of dhe host plate. However, before formal optimiation can proceed, we

must select our design variables and determine the
sensitivity of the design objective to these design
variables.

Aerodynamic loads, and the local pressures that
create these loads, depend on the suface shape on Ibis paper Ais a& pre-optimization study that
which they act. Surface panels may be flat or curved exaniines thme interacon between actuaor self-striain=ng
and ame designed to prvide um =Ai gmeNW ability, bending stiffness, thickness and planform
guarantee structurlitegrity. tee-shaing smIooth coverage sand the host panel bending stiffness and
aero/vtructural surfaces to change the pressure aspect ratio. T'he ups of the actuator is to produce
distribution is done by bondingo otherwise -- aLusig large bending defletio. The intent of the study is to
thin actuator to the inside s=~ of mtnr Panelsp" identify effective pane/actuato combinations and
to create an asymmietric configuration that wiLl bend on understisid why some combinations wre more effective
command. dmu othen.

Thin plate-like or lattice reinforced panels with I k ed lf mU~
embedded self-mtrining actuaitors such as shape
memory materials or piezoelectric materials have been Pwmnmewes that affect paiel out-of -plane deflection
proposed for wmodynainic control concepts that include and enter into the optinmiztionl process include: the
actively conriolled panels to reduce uanasoftc drag1'2 thickness of fth actuator compared to the thickness of
and active -1 edements wo increase suparsoic panel th Pn the UK fae ar covered by the actuator. the
flutter VOWe 3.43.6.7. For tramn=* drag reduaction. dr positio of the actuator on the panel surface; the

defomaton o a anelon he upersurfce f a boundary conditions at die edges of the panel; the
sdefrmratioal aifoilpacalcnange upe sufc of aspet ratio of the panel planform; and, dhe material
wave intensity to reduce drag on command. Po~ fteau~cmae otehr~

Analytca work descrbed An this npapr uses a
NSF Graduate Research Fellow, School of baseline configuration shown in Figur 17%im size of

Aeronautics and Asmrnatics, Member AIAA thi paniel is consistet with the requiremnt for an
~essr Scool f ~ ,d ~active p~ael that migh be placed between ribs of an
Profsso, Shoo ofAaoautis & Asroititcs, active wing. The hast k 'te material is aluminum, with

Fellow ALAA dmen M iol~n. by 18 in., and athickness of0.05
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in. A thin lead zirconatc uwiate (PZT) piezoelectrc maor ways. First of all, nonsymmeu-y of the manlu
actuator is attached to the bottom inner st-rface of the stiffness through the thickness of the platedactuator
host plate. Expansion or contacuon of this actuator combination assures that them will be coupling between
will cause panel extenswn and bending. The area and tr-plane induced stain and parne bending. The bending
thickness of the actuator are pameters for the study. stiffness of the pLasactuator combination will always

be less than a similar combination of matenal where the
Kim & Jones8 have studied a siuiar problem to total actuator thickness is the same, but distibuted

find the optimal thickness of piezoactuators to symmemcally about the mid-plane 12 .
maximize the bending moment induced by rectangular
actuators surface-bonded to the upper and lower There is a second major difference between our
surfaces of a thin flat plate. They found that the best- configuration and symmetrical panel actuator
actuator thickness is approximately half the thickness of combinations. For unsymmemc cross-ply laminates.
a steel host substructure and a quarter of the thickness "large deflection effects" can occur for configuration
for an aluminum host substructure. ioading that normally would be regarded as producing

deflections in the snall plate deflection range. Bending-
planform view extension coupling can produce a stiffening or sottenin

effect depending on the direction of the deflection. 1I
An unsymmetric cross-ply laminate in cylindrical
bending has different apparent bending suffne~sses in
the positive and negative deflections. As a result.
positive and negative loads of the same mnitude

.produce differe n autudes of deflection Linearactuator 12 In. Larninadon theory may give Large differences when tMnonlinear effects ae ignored. 14

Nonlinear large delection effwu will most likelyhost plate increase the bending deflection found from linear
theory. Our intent is to provide information as how to

maximize panel bending deflections. The additional
18 i computational effort required to consider these

nonlinearites, was not regarded as essential to these
airst-eam results at this time, so nonlinear effects were excluded

from ibis sMAY.

/ 7'• Two computational methods for calculatinge dýge viýew , bending deflection wee considered. A finite element
program (NASTRAN) was first used to compute the
deformations of the platalactuator combination. In

Figre I - Panel/actuator eUmetry addition, a Rayleigh-Ritz procedure was developed.
be-inning with a sin energy expression based on

Rogers. Liang. & Ja 9 studied mid-plane symmetric laminated plate theory. This expression and the
shape memory alloy reinforced plates, using a development of the equations of static equilibrium
Rayleigh-Ritz method for their numerical results. They necesry to compute bending deflection are provided
obtained an approximate solution to the plate bending in the Appeadix. The analysis is based on classical
problem, free vibration, buckling, and acoustic laminated plait theory. The energy expression is useful
transmission loss, as a ide to understanding why some plate/actuator

combuiutiom are bIter than other,
Crawley & Lazarus 1 0 developed a consistent plate

model with embedded actuator stiffness and strain
included as laminated plate layers. Their computabons
were based on a Rayleigh-Ritz model. Wang & The panel configuration modeled using the
Rogers II also applied laminate plate theory to a NASTRAN finite element propuam consisted of
laminated plate containing induced strain actuator quadrilatend plate elements with membrane and

"patches" bonded symmetrically to the surface or bending stiffness. Each of the small elements has the
embedded within the laminate. The thcuk-ass and size se aspect a u the plaae,adare aranged 24 along

of these actuator patches are relatively snall compared each side, for a total of 576 elements T actuator
to those of each lamina. elements we diretly antached to the host plate with no

intervening b in layer.
This study differs from previous studies because

the Actuator is placed on only one side of the host plate. F a new modaeultor t plate b c ofiguration
However, we will use laminated plate theory and a conSiderd a new model must be €reaed and the finite
Rayleigh-Ritz solution technique, although we will element pnLm run. While the model computation
check its accuracy using a finite element analysi, time is .ai h time required o cremte models and to

intemret data was considered to be excessive, given the

Unsymmemic host plate/actuator combinations am; scpe of our study
different than symmetrical combinations in at least two
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The piezoelecmc sutin is a combuiauon of the The reader should note that the deflection coefficinent
piezoelectric constant d• multiplied by the electric Amiand B,, in Eqns. 4 and 5 re not the same as dt
field strength E3 . NASTRAN has no piezoelectnc larnmate stffness coefflcents in Eqn. I.
finite element capability, so an equvalent thermal
element was used. Thermal and piezoelectric strains When eidh of the assumed displacement expessons
anm both induced strains so that a dtermal coefficient of a substituted into the strain energy exprmmon, the
expansion and temperature inrease can be assigned to Principle of Virual Work can be used so that the sa
murmc the actuatimon si of the piezoelectric material. energy is mitunized with respect to the displacement

coefficients. A set of linear equations of stauc

Ravleih-Riz Ainxmcmh equibrinum results.

An approximate soluuon for the plate deflections. When the polynomial deflection is used. this

can be otxained using a Rayleigh-Ritz method based on energy minimnzation results in only three equlbrum
laminate electro-mechanical strain energy and an conditions for the constants A. B and C, given as

assumed displacement field for inplane and out-of-pLane follows
(bending) deflections. The panel strain energy
expression in the Appendix is composed of four bac dJU. 0 U o0 0 o
types of terms and may be written conceptially I& A W C

U = inplane saffness + bending stres This set of three simultaneous equation sets must be
solved for the defkction coefficient sets A. B. and C.

+inplane / bending coupling + induced stran These coefficients are then substituted into the

displacement equations to find the plae deflection at
The stiffnesses involving shear-extension coupling the center of the plmt.
vanish if the laminate is a symmetic laminate with
isotropi or specially orthouopic layer, that is If only bending of the plat is considered. and the

inplane energy and inplae-bending coupling energy is

Aq 2 1 M-D6-D (1) ignored, the strain enargy cexpesion contains only
bending stiffness mamu terms and the induced

The assumed displacements must satisfy the piezoelectric moments. To solve for the deflectios
simply-suppoirted plae edge boundary conditions. Two only di third of dhe polynomial equations is Ubsti"ted
approximate solutions were used. The first is a single into the energy expression. While this reduces the
polynomial term (a true Rayleigh solution), while the workload, it leads to err The coupling terms are
other is a more general series solution (a Ritz solution). very imporliL

When the actuator is restricted to be at the plae There are difference between ruaning the inplane
center, a single set of three polynomial assumed stfAness and inplaneiending stiffness coupling terms
displacements. with their origin at the center of the and ignoring them. Figure 2 compares the resubs of the

plate, is uncoupled bending analysis and the bendig-exwtens0o
coupling analysis using the simple polynomial
expression to the finite element solution. AU of the

u,=A X fZ (2) cases were nun for an actualor Io platM tdICss ratio ofa b 0.6.

(3) 00 Comiparison of Ra~#I10112In HoASTRAN•= •• b- (3) 0o04•

where u, v and w are the inplane displacemen ui the o
x,y and bending directions, r ýfev0.y.

A more generl Ustund diSPlement set is15

= N m KS. b

'a al '0.01

N ms x Rx
V L a nu Cos b (- 0-- -

mMl a•0 02 0.4 0.6 0.8
Acnsi AmI Pto hAm

.N mix. Any ' F1 2 -M e .1 ft 'bew•q deflectk cseputed

w= L, i 1 'si a b by Rib method with Pol*m0mll 2pp~roxhoaiM.
M,,I aw,
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It can be seen that the uncoupled bending solution examined. From these results, the combmnauon of
over predicts the deflecuon for the enure range of acuiator thickness rao and ac ruo that produced the
actuator area rauos, showing that it is important to largest deflecuton could be detamined.
include the inplane/bending coupling terms. The
bending-extension coupling solution is remarkably Cafferlmo of S Rewh to NASTRAN
close to the NASTRAN solution for these simple 0
displacement functions. However. the actuator is ° ! ,
restricted to being centered on the plate. 0.03

Because we want to assess the effects of changing 0.025
the actuator location on the plate, and to get a more
accurate solution, the mgonometric series displacement 0
functio•s were used for tall other studies. Substin•uang . 0

them into the stra energy expression in the Appendix 0.011 ATAand minimizing with respect to the undetermined
displacement coefficients results in the general 0.01c o n d i tio n s0 

. 0
OW = 0 .4U-= 0 a_ =0 (8) o.

0 02 0.4 0.6 08 1
The result is a set of 3 M x N simultaneous equaions Ar- e Pb ieAn

which must be solved for the series coefficients A.,. FrgW 3 - Pkf eU:WddWhn i d " 111611114
B,.. and C,,. ruoe dMa - cwAN (M-N l wh)

The form of the equations for the displacement Figure 4 shows the results of a Rayleigh-Ritz
coefficients is analysis to compute the panel center deflection

produced by an actutor with an actuaor/baot plate
(9)],,}thickness ratio between 0.1 and 0.6 for actuator/boplate are ratio between 0.1 md 1. Thi fisure dicaws

diat a actumorplae thicknes ratio of 0.6 produces the,where [K4.,,] is a (3 M xN)X(3 Mx N) matrix Of largest pane deflection whom the acwazor/plaie ame
stiffness terms, found from integrating the assumed am isO6%.
displacement series mins into the energy exp0s03o
{A,,). is a 3 M xN vectorconsistng offthvectors of #To.
A,. ,,, and C, coefficients Q I is a 3M xN 00'3
load vector whose terms represent the induced 0.0 2s
piezoelectrc forces and moments. Thes latter terms
can be thought of as the modal forces and moments for
each of the assumed displacemen rams. o.00

T'he stiffness matrix [K4,,j is inverted to solve for 50.015

the displacement coefficients., Ohis matrix become- 0.01.
large as more terms are added to the series solution. ta2
For our results, M=N=,I was used. This resultsm in o.oo06 rm
a stiffness coefficient matrix that is of order 363x363.
Figure 3 shows the agreement between this series o
soluion and the finie element remlts 0 0.2 0.4 0.6 0.

Aftelo PAm / Pbs Ame
E~ofznuib~~a~am Figur 4. - M"m panlun.brnd eiee

Actuator thcJe and ama for the baieline plate in -PetnRC.er AnU3 r Ia' thhrklm adbwm
Figure 1 were varied to find an acmtmaluminum host 0.1 mit 0.6, 1ha asent of0.1; pen radso l..
plate combination that produced the mast -ae center Mie curves in Fig=r 4 show that a slihtly smallerbending deflection. ae rati tha 0.6 _ produce nerly a much p-d

For these studies, the actuator was located at the cener deflhction. Using a smaller actuator would
center of the plate planform and attached wo i produce a wugst sving with little depadatio in
underside. The maximum bending deflecti occurred pe mace. An actbmutr/plae thdickne rato of 0.5
at the plate center. A range of actuator thickness to also produces its reamtst deflection at 65% area
plate thickness ratios between 0. 1 t 1.0 was examined, coverage. Note that the d produced with an
For each thickmess ratio, a range of actuator ptaform actuator 0.5 as thick as the pl is not much different
coverage from 5% to 100% of the plate area was
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than that produced by an actuator whose thickness ratio changig the actuator aspect ratio on the panel center
is 0.6. bending deflection was examined using our model.

When the actuator has a thickness rauo of 0.1. a For the square panel. the best actuator has an
maximum in the curve of deflection vs. actuator actuator thickness ratio of 0.6 and an area coverage of
coverage occurs at about 80% coverage. However. the 65%. Any actuator aspect ratio hs than or gpeawr than
deflection does not change much between 50-100% 1 creates a smaller center deflection than the initial
coverage. As the actuator thickness increases, the cofiguration, although the differences are snall.
maximum value in the panel center deflection curve
becomes more pronounced and shifts toward a smaller When the panel rapec tio is 1.5, the best actuator
actuator area coverage also has a thickness ratio of 0.6 and covers an area of

65% of the panel. When the actuator aspect ratio is
Figure 5 shows the results of analyses for increased so the actuator spans the long dimension of

actuatorlplate thickness ratios between 0.6 and I for the the panel, the greatest decrease in deflection is about
enure area ratios between 0.1 and 1. The thickness ratio 5.7%.
of 0.6 still produces the most deflection at area ratios
greater than 50%. However, thickness ratios of 0.7 and 00~6
0.8 produce larger deflections at low actuator area
coverage.

0 035

00~AR3 0Mw

SO. 0 2 1

00.0 

1~0.01 0

2 0 0 02 04 06 01

p " 6 - T We deet of actuato erac e as center0 •deflectim of thM dwerert panele; constant
0 0.2 0.4 0.6 0.8 1 actul. and pInI area wfth acttor/plate

Acui Atrpm P At" thtckem ratio 0.6; aspect ratios 1, .S and 3.

Figure 5- Plate center bending deflecion vs.
actuator area coverage for thcknen ratio between For a panel with an aspect ratio of 3. the best

0.6 and 1.0 (increment of 0.1); aspec ratio 1.5. actuator has a thickness ratio of 0.6 and an area
coverage of 70%. For this case, an actuator with an

Effects of anel aspect ratio aspect ratio smaller than the panel priduces the greatest
on optimal a-tua-. si7 deflection, although the increase is only 0.5%.

Figure 6 shows the maximum panel center bending Non
deflection obtained at an actuator/jlost plate thickness
ratio of 0.6 for several different panel aspt ratios. For all previous results, the actuator was centered
Although the aspect ratio can be ca the aPig on the panel planform and the maximum deflection
area and actuator area reuain fixed ID be ae same as a occurred in dhe center of the paWl. For a nor--eted
panel with dimensions 18 in.x 18 in. The square panel actuator, the maximum deflection will not occur in the
with an aspect ratio of 1 has the largest center center of the pael, so a deflection distribution must be
deflection. The -nel with an aspect ratio of 1.5 has a examined. This centaelne is located in the x-direction,

deflection smaller than that of the square panel but the parallel to the long edge of the plate.
maximum bending deflection sil occurs when t Th baseline - with a aspect ratio of 1.5 was
actuator coverag i a t 6% used for a study of the effects of non cenmaly located

The panel with a planform aspect ratio of 3 has a actatr. The acnauar has the same aspect ratio as the

maximum center deflection less tham half of the square panel itself. Two different actuator sizes were used;
panel, even though the panel areas are de sae. In fth they covered 6.25% and 25% of the plM area. The

case dn e simple th Nogh wh e so close ID dre PuIe cenmer actuator was subjected to its maximum electric field

when the aspect ratio is 3 that the stiffness of tie pml throughout and located at one of four different

is incased with respect to center deflection. locations along the centaeline. In each case, the
deflectin p=fil was calculae and compued.

For all of the previous studies, the actuator ea and
aspect ratio were restrained to be the same as die plate The smallest (6.25% area coverage) actuator was
to which it was mounted, although the actuator aspect placed in the center of the paeL then shifted toward the

ratio does not need to be the same. The effect of left edge of the panel. Figure 7 shows the deflection
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profile at the centerline of the panel in each case (see deflection. Wben we try to create bending deflectioninset for positions). The actuator edge can be moved with this type of actuator, two effects are in conflict
close to the edge of the panel without seeing a large with each ocher. Fuist of all, as actuaitor thicknmes (or
decrease in the maximum deflection. However, once an arm) iniceases the actuator is able to creame large sawns
actuator edge is at or near the panel edge. the peak to induce uqplane forces arid bcnding moments. Oni the
deflection decreases noticeably. Since the shape and odher hand, as the actuator becomes thicker and covers
amplitude of the bending deflection on the panel can be more area, the panel stiftuess also increases so that the
changed by relocating th actuator this provides a way plate ts more difficult to bend.

to mlor he arodnautc shpe.When tie actuator is small compared to the plate.
06 Panel with Actuator on 62%n Are its Attemnpt to expand is easily thwarted by a relativelymassive plate. When a voltage is applied to the0035 actuator, most of the strain energy comes from the

003 actuator being held relatively fixed and expending only
003 npiane where the in ne stiffness is larger than the

002 -Actuator bending Jness. Very little strain energy,f 0 02Sgoes into bending.
30.02 On. the othe had asth actuazo grows in size, the
0 015 rate of change of induced bending moment with respec t

to actuator thickness is relatively large compared to the
0.01 rate of cha of pawel bending stiffnesa. As a result. it3 is better to increase the size of the actuator and more

0 lir mmesifhess so the rate ofchange of umm0 L9.9 1 M ýýenegy rtespect to changes in actuato thickness
0 0.2 0.4 0.6 o8 1 becomes less.

Chor Poaw (/&)As the actuator thickness increases, die bending
Figure 7.- Bending deflectltm distributioin for a stiffness increases more rapidly than the induced
panel with an actuator covering 6IS% ot panel. Moment. At some point, the rue of change of induced

bending moment will equal the rate of change in
Figure 8 shows dhe centerline deflection profile for bendino stiffness. This is die besn actuator for bending

the actuator covering 25% of the panel area and how deflection. Any inczeaise in actuator size will increase
this deflection changes as the actuator is repositioned bending stiffness more than induced bending moment
along the panel centerline. T1he maximum deflection and will be counter-productive. The actuator becomes
here is about twice that of the smaller 6.25% coverage non-optimaL
actuator. The peak deflection when the actuator edgt is
at the ede of the pae is about 16% Iless than when the The dependenc~e ýof p l Strain energy on actuator
actintior is cenftred. thickness can be pote for a paniell with two parallel

wl~ M~edges free while the other two edges are simply
_____________Actuatoron_ suppofted This is the cue called cylindrical bending.

0. Whn the actuator covers tie entire plat area, the
resltig dfletion when the actuator is operated at its

0.03 fullpower is parabola with constant curvature. The
expression for strain energy of this special plate is as

01N 
(10)

80.006 -ZNA *L + 2M. +I E(k) (A','))'tk ldro

0
0 0.2 0.4 0.6 0.6 1 Consider the cm of a constant thickness aluminum

!toAn Chord Poj~m WOM plate with a PZT actuator coverng one 100% of the
Figre - Bndig dfletio dltrlutli.fora = ,t The stain eneggy (U divided by the are of theFigi 8 endng eflcdo dilirbtio fo a isploted'toFigure 9 against acwmau thicknesspanel with an actuator covering 15% of pMWarne raio Alopoe is the cturvature of the Plate vs.

Strain cn=g denityfo Opt0IM Mal cueorm tlbis m
The maximum bending deflection occurs when thewe have observed that actuatortickesn panel pla curvatr is a maximum anid when the actuator

area coverage affect the size of the Panel bending
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Lhicbwms ratio is 0.5. The stain energy density has an The stain enerp for the plate can also be plotted
inflection point at this thickness rtio. versus thickness rtio. Figure 10 shows the strain

energy plotted vs- thcns ratio fruimcovering
0 12 60%. 65%. and 70% of the plate ame for an aluminum

plate with an aspet rtwo of 1.5. In the cylindrical
bending case. it was possible to identify the beat

01 thic~kness, ratio by looking for an inflection point in the
4ný strain energy plot. However. thi inflection point is am

L ~so evident for the sinply supponed panel.
0 Th'ne curves in Figure 10 become nearly linear for

o06 Suuin larger thickness ratios. Figure 10 indicates that, as long
I denitY (fbL) as the slope of the strain energy curve is changing with

0ar-. increases in thickness ratios, adding thickness to the
lo o04 Cran actuator will be beneficial. But once dhe curve becomes

9 1 iner. didig amumthickness will not produce more
5002bedndelcinithpa .

0 04 04 12 16 2 A pawl with aself-ssffiding actuator mounted on
Thickness Roo T&Tp one side was studied to find th 6~ _of the actuaitor

that produces die Largest deflection of simply .pwe
Figure 9.- Bean tmain eferu density and rectangular panels. A Rayleigh-Ritz moelwa

curvature vs. actuater/phote thickness ratio. Pai developed to compute inpiute and bending deflections
coverage actuator; cyfladrien binding. of a plate with an actuator covering only partof th

We.
The presence of an inflection point is Uimpontant

because it suggests an optimality critrio to select dhe It was shown that it is important to include the
actuator. The "too sunali" actuator stores a large puit of coupling terms and the in-plane actuator forces to
the mechanical energy because the panel barely accurately model the problem. A simple polynomia
deforms. When the actuator reaches a *critca size" the assumed diisplacement field provided good agreement
panel bends a great deal, but stores energy in a more with the finite element results for centrally located
"flexible" mode. As actuator size increases further. the actuators with a large are coverag.

dominant energy storage mode again becomes
extensional and the slopie of the stain energy density To match th. finite element results for smaller
curve mmit upward and increases rapidly. actuator areas and to provide more accurate results

oveall, a Rayleigh-Ritz trigonometric series expansion
T'he favorable bending energy storage mode is was developed. This model allows the actuator to be

identified by an inflection point or "flat spot" in the placed at any location on the pinwl. It was fouind, that a
strini ener~gy denlsity vs. actio thickness CUZYC. series with M =,N = I1I terms for each of the u, V, and

w displacements ykieded excellen resuilts, very clos to
Plate Strain Energ for 3 Ara Raios those of the NASTRANprogram.

0.02 .0For aluminum panels with aspect ratios between
70610and 1.5, the ben actato has adic a ratio of 0.6

oW mcovenu 65% of the puiel area For apyanelwith w
aspect rato, of 3.0, the best acuum has a thickness rtio
of 0.6 said covers 70% of tie area For dhe paunels with
aspect ratios of 1.0 anid 1.5. the actuator with the smne

FO.01aspect rato as die pmnl produced die largest deflection.
LU For the -an of aspet ratio 3.0, an actuator with an

!iMW m defiecUon aspect ratio slightly smaller than that of the panel
-~ produced die most deflection.

The effect of acauior locationi on the deflection
profile of a simgl supported pode was examined. An

0.04 0. . actuator with 5% arm coverage or less produced the
0 0'2 0.4 0. 0. 1 most change in the bendin deflection shape.

Thiaintess Rego -Tamlp fti a plate with cylindrical1 beading, when the
swrabn energ is pload ag~ans thickness ratio the curve

Figure 10 - Rlate strale enog yeL actilator thlcini *shows an inflection pit at doebu actmu thtickness
ratio for 60%, 6S% and 704 are coverap. hanel for that confiurton. Mlthougb the best actuato

aspec ratio Is IJ. thickness was obviously at fte inflection point in the
muain energy curve for the cylindrical bending case, die
best actuator thicns for the general plate was less
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best actuator duckicknss for the general plate was less 3. Scott. R.C.. "Control of Flutter Usin AA~IV-ve
obvius.Mataeals, M.S. Thesis, Purdue Uniaversity, went

The plot of strain energy vs. actuator thickness aeiIdnaMy190
ratio becomes nearly linear at the point corresponding 4.. Abou-Amer. S.A, "Contol of Panel Flufff at High
to fth best actuator thickness ratio. ThIs uindated that Scqiermnit: Speed, Ph.D. Disser~tion Minots biwuitue
increasing the thickness of the actuitor was beneficial of Technology. Chicago, [ILL. Dec. 1991.
until the slope of the stain energy curve reached its
smallest value. Adding more thickness to dhe actuattor 5. Paige, D..'Active Control of Composit Panw
beyond this point increases stiffness mome than it Flunr~ Using Piezoelectrc Mawrials, M.S. Thesis.
increased the applied moments, and does not increase Purdue Universiy. West Lafaymte, Inaimn, May 1992.
the deflection that is obtained in the panel.
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a plate leglth NM .,,A,.N,• piesuelUr•ic inpiane tfoer

Av extensional stffness mari MIM M . M,M A P ICmuC mameium

A.A, assumred uwtc solution constaus Q41) reduced lbmins siffnes for M layer

b place width T

8, coupling stiffness matrix

B, B,, assurned seies solution consMu s
a. inplane delctvS •ion mx directon

C. Cý assumed seies soluion consants U panel miserg
41, pieroeleuic content v* coimnne deflectioni y diecton
D4, benidingl stiffU matrixw deflectio n

E3 elecrc field stuength A^(" Iercst main of ki 11mimmi

The mtain emau exxuaU, is used so cux de mechanical satin for Pkca pulm/mwa comabuintion inplane miPsgo when die p el c UIc ma wn =r 1cs ain. Tme mechanical sui is the dfference between
the total .sin and the expsmst stan. and a the only Srain wat S 16. MM i no m- inthatced if the
material s allowed to expand f(eely. Tih induced piemoelecric sain ma analogoui to thermal m s.•re

To compute sain energy, a raaefrnce serface at tde mid-plane of tde boot plaw wa chosen This allows the
reference surface to, rmam fied when die mtactorw icns chuugu thi eus igcm mwlcopeiy
last three terms of die equation are ineene t o e die spl u. v, mu n U. V. and w. involving these
terms will vanish under die. firs vuition of die mtain energy and the temsa will not cam~ the equations when theRayleigh-Ritz method is applied. For this andalysis a rentulgu o untr is attached to a plau at a abitwy positi.

y

-ae centertki

a z
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